New high-resolution water vapor absorption spectra were obtained at room temperature in the 4200-6600 cm À1 spectral region by combining Fourier transform spectrometers (FTS) with single and multiple reflection cells. With absorption paths from 0.3 to 1800 m in pure and air diluted water vapor, accurate measurements of about 10400 lines in an intensity range from 10 À29 to 10 À19 cm/molecule have been performed. Positions, intensities, self-and air-broadening coefficients and air-induced shifts were determined for the H 2 16 O, H 2 17 O, H 2 18 O and HDO isotopologues. The rovibrational assignment of the observed lines was performed with the use of global variational predictions and allowed the identification of several new energy levels. One major contribution of this work consists of the identification of 3280 new weak lines. A very close agreement between the new measured parameters and those listed in the database is reported as well as between the observations and the most recent variational calculations for the positions and the intensities. The present parameters provide an extended and homogeneous data set for water vapor, which is shown to significantly improve the databases for atmospheric applications, especially in the transmission windows on both sides of the band centered at 5400 cm
Introduction
Through its absorption from the infrared to the ultra violet region, the water vapor, which is the main atmospheric absorber, plays an important role in the radiation budget of the Earth's atmosphere. In spite of extensive experimental measurements from the (near) infrared to the ultraviolet regions and of recent advances in the theoretical modeling of the absorption spectrum (see [1] and references therein), the discrepancy between the calculated averaged absorption based on known spectroscopic data and the measured ones remains an open question. In earlier papers [2] [3] [4] , the 9250-26,000 cm À1 spectral region was investigated by the Brussels-Reims group. The measurements were obtained by combining high-resolution Fourier spectroscopy with a long-path absorption cell allowing the characterization of very weak, previously unobserved, lines. The contribution of these lines to the absorption spectrum remains very weak and is not expected to solve the problem. Since then, recent assignments [5] of most of the lines, by a theoretical analysis using variational calculations, lead to the identification of transitions involving more than 150 vibrational exited states of H 2 16 O. Another aspect to be considered is the detailed characterization of the very weak absorption due to H 2 O lines in the so-called atmospheric transparent windows. These regions are usually chosen for astronomical observations and trace species detection where interferences between the absorption lines of water and those of the target trace species are of first interest.
In the continuity of our previous work, and going towards the infrared, the present paper investigates the 4200-6600 cm À1 spectral range, which covers the 4200-5000 cm À1 and 5700-6600 cm À1 transparency windows. The water spectrum in this region has already been the subject of numerous studies (see for example [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] [22] for H 2 16 O, [15, 21, [23] [24] [25] [26] [27] [28] for H 2 18 O, [15, [21] [22] [23] 28, 29] for H 2 17 O, and [21, [30] [31] [32] [33] for HDO). The absorption of isotopically enriched samples has recently been investigated by cw-CRDS technique [21] in the 6130-6750 cm À1 spectral region. Previous studies of water spectra between 500 and 8000 cm À1 were summarized by Toth in two papers [22, 34] . The line parameters of the 7579 rotation-vibration transitions in the 4200-6600 cm À1 region from this compilation are included in the most recent version of the HITRAN database [35] , where the line strengths have been corrected, in some cases, by as much as 20% when compared with the earlier HITRAN 2000 [36] , especially for the region above 5750 cm À1 . The present paper describes a new set of experimental line parameters in the 4200-6600 cm À1 spectral region, which complements our previously published line lists [2] [3] [4] in the 9250-26,000 cm À1 spectral range. Those were determined in similar conditions of pressure, temperature, and air dilution with the same technique of Fourier transform spectroscopy. Special attention was paid to the characterization of weak absorption lines by the use of long absorption path-lengths and, consequently, extended information on observed energy levels for some upper vibrational states was obtained.
The primary aim of this work is the accurate characterization of the line intensities, in particular for weak lines, and of the line broadenings.
After a brief description of the experimental set-up and the data analysis in Section 2, the results including all the line parameters will be discussed with regard to the most recent experimental data and calculations in Section 3.
Experimental conditions
In the 4200-6600 cm À1 spectral region, the intensities of the lines measured in this work cover a large dynamic range of 10 decades (10
À29

-10
À19 cm/molecule) so that reliable measurements must be performed under various experimental conditions. The very weak lines are only observed in long-path absorption spectra while the most intense lines need shorter paths. Three experimental set-ups, using long, medium and short path-lengths (Table 1) were, therefore, chosen in order to cover the wide intensity range.
The experimental set-up for long path absorption spectra has already been presented in detail elsewhere [37] . It will only be briefly described in the present work. Spectra were recorded at high-resolution with a Bruker IFS 120M FTS (thereafter called ULB/IASB FTS) coupled to a multiple-reflection absorption cell having a 50 m base length. The unapodized resolution (0.015 cm À1 , which corresponds to 60 cm of MOPD in the Bruker definition) is lower than or close to the full width of the lines in our experimental conditions.
The cell was set with Al+MgF 2 -coated mirrors and CaF 2 windows. A 250 W tungsten halogen lamp (ORIEL) was used as the light source in combination with different optical filters. An InSb detector, operating at liquid nitrogen temperature and sensitive over the whole spectral range investigated, was used. The coaddition of 1024 interferograms, leading to a total recording time of 15 h, proved to be adequate to obtain a root mean square (RMS) signal-to-noise (S/N) ratio (expressed as the maximum signal amplitude divided by twice the RMS noise amplitude) of about 5000 and 1600 for the runs b and m with paths of 202 and 1804 m, respectively (Table 1) . These high S/N ratios are a necessary condition for the observation of the very weak absorption lines. All the spectra were recorded at room temperature (293 K72 K), which was monitored in the cell by three platinum-resistance thermometers placed on the walls of the cell at its center and its two ends. The temperature along the cell is not stabilized, so that differences between the two ends of the cell, of the order of 2 K, can be sometimes observed. The atmospheric water absorption occurring along the path between the cell and the spectrometer has been recorded (run a), and was carefully removed, as described earlier [38] . This procedure has been applied to the spectra recorded with 202 and 602 m of absorption path-lengths where the external contribution to the absorption spectra, strongly depending on the humidity within the room, was significant. The correction was considered to be negligible for longer paths (o0.5%). The pressure was measured with a MKS Baratron capacitance manometer.
The medium (runs n-q) and short (runs r-v) path absorption spectra have been obtained with the homemade step-by-step FTS of the Reims group (thereafter denoted as GSMA FTS) coupled either to a 1 m long multiple-reflection cell or to a 0.3 m long single path cell. Unapodized resolutions of 0.01 and 0.007 cm
À1
(MOPD ¼ 50 and 74 cm) were used for the 32 and 0.30 m of path spectra. S/N ratios were over 850, which is sufficient to accurately describe the intense lines. In both cases, the path between the cells and the spectrometer as well as the instrument itself has been pumped down to a residual pressure of 10 À2 hPa. Small narrow features observed at the top of the strongest lines were easily accounted for in the data reduction. H 2 O pressures in the range 1.3-22.7 hPa were used with the two cells and the temperature was accurately stabilized.
The natural water vapor samples were prepared from tri-distilled and carefully degassed liquid water. In order to avoid condensation on the inner mirrors and on the cell windows and walls, the partial pressures were selected to be well below the saturated vapor pressure. The spectra of water in air mixtures were obtained by introducing progressively air (Air Liquide, H 2 Oo5 ppm) into the cell already filled with water vapor (runs e, f, i, j). For both pure and diluted samples, a period of several hours was waited after the filling of the cell for pressure and temperature stabilization as well as dilution homogenization, which was constantly monitored through the observation of the intensity of the output signal. If no change indicating any problem such as condensation or variation of the partial pressure was observed, the spectra were recorded. Fig. 1 Despite a careful degassing of the liquid water before introduction into the cell, some absorption features of CO 2 and NH 3 with absorption depths lower than 0.01 have been detected in the longest paths' spectra. They were identified using the parameters given in the HITRAN compilation [35] for CO 2 . The abundance was found to be of about 0.01% of the total sample pressure. The presence of NH 3 is much more surprising and can be ascribed to the fact that this polar molecule is not removed in the distillation process. Very little information is given in the literature on the NH 3 line positions and strengths. Assignments of the most intense lines have been made from [35] in the spectral region up to 5300 cm À1 and from [21, 39] in the spectral region above 6130 cm À1 . The residual concentration, which is not due to some prior sample in the cell, has been evaluated from [35] to be about 2.5 Â 10 À4 % of the total sample pressure. Note that these NH 3 lines have also been observed elsewhere in an earlier work [21] .
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Abnormally high HDO intensities have been observed in the long path absorption spectra (i.e. 200-1800 m), indicating enhanced HDO concentrations compared to natural water. The phenomenon can be explained by the study of the HDO and D 2 O spectra in the near infrared and visible regions performed 3 years ago. Since this time, traces of HDO have remained on the walls of the cell and could not be entirely eliminated even after continuous pumping and several dilutions in natural water. The HDO concentration, which varies for each run after the pumping and the filling of the cell, has then been calculated in every spectrum from characteristic selected lines in order to ensure the reproducibility of the observed respective intensities.
Data analysis
The line parameters (positions, line areas and line widths) of H 2 16 O, H 2 17 O, H 2 18 O and HDO were derived by a non-linear least squares fitting procedure. Three different programs: WSPECTRA [40] , BFIT [41] and MULTIFIT [42] were used to fit the lines depending on the type of spectrometer and the density of the lines in a given region. The first one, which runs directly from the Bruker output format, fits the observed lines one-byone to the exponential of a theoretical profile (Voigt in this case) convolved by the instrumental function as described in our previous study [2] . The second one, operating in the same way, is meant for more restricted and congested regions. The third one, which utilizes a multifit procedure, was generally used for the spectra recorded by the GSMA FTS at a given path-length and different sample pressures. An intercomparison has been made on selected lines of a given spectrum to check the reproducibility of the parameters (position, intensity, broadening) fitted with the three programs, which was better than 0.5%. A similar comparison between the spectra recorded with the two spectrometers leads to a similar agreement in position (dno0.0005 cm À1 ), intensity (dIo0.5%) and self-broadening (dgo1%) on average. Therefore, the parameter values given hereafter are averages of all individual values retrieved from spectra recorded by one of the two instruments, using one of the three software codes.
The line positions were obtained from a subset of six pure water vapor spectra recorded with the ULB/IASB FTS at the same H 2 16 O partial pressure of around 13 hPa (runs b, c, d, g, k, l in Table 1 ). Calibrated line positions expressed as vacuum wavenumbers were obtained by comparing the positions of well-defined and isolated lines of H 2 16 O and additional HDO lines belonging to the six above-mentioned spectra to the HITRAN positions [35] . In such a way, a fitted curve n(ref) vacuum -n(obs) air ¼ 4.0975 Â 10 À3 +3.7 Â 10 À6 n was calculated and this correction curve was then applied to all the line positions. Of course in doing so, because we compared line positions recorded at a certain H 2 O pressure to table values given at zero pressure, the corresponding water self shift is included in the correction curve. One has to notice that the spectra recorded at 4.04 and 19.30 hPa (runs h, i, j and m) were excluded from the lines position determination because the self-shift correction is obviously wrong by a value higher than the precision of the wavenumber measurements. Also, spectra recorded with the fully evacuated GSMA FTS were used only to measure intensity and selfbroadening of the most intense lines. At the final stage of the calibration procedure, considering all the lines, the line positions agree with those of Toth [22] and HITRAN [35] to better than 0.0002 cm À1 on average, which is of the order of the experimental uncertainty. The line areas (A s in cm À1 ) are converted into conventional line-integrated strengths (or intensities) S s expressed in cm/molecule by the relationship:
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where T (in K) and P (in atm) are the temperature and pressure in the cell,
is the absorption path-length and n L ¼ 2.6868 Â 10 19 molecule/cm 3 is the Loschmidt number. The final intensity dataset has been constructed by merging the different experiments with the restrictive condition: peak absorptions higher than 80% were rejected. At the chosen resolution, it corresponds approximately to intensities of 5 Â 10 À23 , 6 Â 10
À24
, 2.5 Â 10 À24 , 8 Â 10 À25 and 6 Â 10 À25 cm/molecule in the spectra recorded with respective absorption paths of 32, 200, 600, 1200, and 1800 m. One has to mention that spectrum m (1800 m) was only used to measure intensities of very weak lines.
The self-and air-broadening parameters (g self and g air ) and air frequency shifts (d air ), expressed in (cm À1 / atm) are related to the partial H 2 O and air pressures (in atm) in the cell by the usual linear expressions:
where n 0 (in cm À1 ) is the ''zero'' pressure line position and G (in cm À1 ) is the full-width at half-maximum of the Lorentzian component.
The self-broadening parameters ðg H 2 O Þ were logically determined from the subset of pure water vapor spectra (runs b, c, d, g, h, k, l, m and n-v in Table 1 Table 1 ), so that the self-contribution could be considered equal. In the latter case, the H 2 O pressure difference of about 2 hPa between run d and runs e, f induces an error on the air-induced pressure shifts estimated to be of the order of 3 Â 10 À4 cm À1 /atm when considering the mean values of the self-induced shifts parameters reported by Toth [43] or Grossmann [44] in the n 2 band and near 13500 cm À1 , respectively. This value remains lower than the experimental uncertainties and can, therefore, be neglected. The same statement applies to the air-broadening parameters. An additional recording of the atmospheric water absorption outside the cell (run a) was used to determine the air-broadening effects on the strongest lines. The air-broadening and air-induced shift parameters (g air and d air ) have accordingly been obtained from Eqs. (2) and (3), respectively, in which the P H 2 O term was kept constant and thus canceling by subtraction within each set of three spectra. No attempt was made to determine the self-shifts.
The air-induced shift parameters have been obtained from Eq. (3) using spectra with the same H 2 O partial (runs h, i, j) or close enough H 2 O partial pressures (runs d, e, f), so that the self-shifts can be considered identical. In the latter case, the difference in H 2 O pressure of about 2 hPa induces an uncertainty on the airinduced pressure shifts estimated to be of the order of 3 Â 10 À4 cm À1 /atm when considering the mean values of the self-induced shifts parameters reported by Toth [43] or Grossmann [44] in the n 2 band and near 13,500 cm À1 , respectively. This value remains lower than the experimental uncertainties and can therefore be neglected.
For the comparison with the literature and the databases, the line parameters measured here near 293 K (T 1 ) have been converted to the temperature T 2 of 296 K (as in HITRAN), by using the following approximate relations:
where E 00 is the lower state energy of the transition in cm À1 , n is the line width temperature dependence parameter, assumed here to be equal to that used in the HITRAN database (n ¼ 0.6) for the air broadening.
Even if this value may not be constant for all transitions, its influence remains very small on the retrieved parameters when the temperature difference is only 31 K.
The possible sources of experimental errors, both systematic and statistical, on the derived parameters can be identified as following:
(a) Systematic errors arising from the uncertainties on the pressure (1%), the temperature (1%) and the pathlength (0.5%) and affecting all the lines in the same way. (b) Statistical uncertainties resulting from the fitting procedures (fitting programs and regression analysis), which differ from line to line. These are generally larger for weak or blended lines than for the strong and well-isolated lines. In the present work, only lines for which the maximum of absorption is lower than 80% in the given experimental conditions have been taken into account to avoid possible saturation effects. When the lines were observed in several water spectra, the parameters were obtained by calculating the average value of the individual ones and the resulting RMS deviation is used as the uncertainty, implicitly including, in principle, the constant contributions on pressure, temperature and path-length. If not, as it is often the case for very weak lines only observed with long paths, the 3s uncertainty resulting from the fit was used as the statistical uncertainty.
The complete list of the fitted parameters for the observed lines at 293 K and its accompanying readme file are available either on the Web site of the Service de Chimie Quantique et Photophysique (http:// www.ulb.ac.be/cpm) or upon request to the authors. This list contains all the observed lines of the four H 2 O isotopologues and is composed of their parameters with the associated statistical uncertainties, the rotational and vibrational assignments and the lower state energies. The lines overlapped by NH 3 , CO 2 or by an unidentified component are clearly indicated. Another line list containing intensities converted at 296 K and excluding unassigned lines is also available on request. In these line lists, when the line fitting procedure resulted in a Lorentzian width higher than its associated 3s uncertainty, as it occurs for very weak and blended lines, the self-and air-broadening parameters are not provided. The uncertainties on the parameters must be considered as the sum of statistical (quoted into the lists) and systematic ($3%) uncertainties.
Results and discussion
Line identifications, positions and assignments
About 10,400 lines have been measured in the 4200-6600 cm À1 spectral range. Among them, 9494 observed lines could be assigned (10,161 assigned transitions, taking into account an overlapping of some of the resulting lines) to the 4 major isotopic water species. A statistic of the lines is given in Table 2 where the number of assignments is compared to the most complete observations in this region [19, 21, 22] and to the HITRAN database [35] . It is seen that a progress compared to HITRAN has been mainly achieved for H 2 16 O and HDO. These 10161 water transitions are shown band by band in Table 3 Rovibrational assignment of water lines is based on experimental energy levels known from previous studies and on global variational predictions of line positions and intensities [45, 46] . The validation of the assignments and the determination of the experimental energy levels and their uncertainties for all four species were performed by using the RITZ program [47] , which was successfully applied in previous studies of water spectra [19, 21, 48] . The observed ground state energy levels from [45] used to calculate the new upper state levels are given in Appendix A. Compared to these studies, more than 4200 transitions included in energy levels determination are due to our new measurements and analysis. This has allowed to significantly improve the accuracy of the experimental energy determination for a large set of rovibrational levels and to add some newly determined levels as described below.
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H 2
16 O Experimental rotation-vibration energy levels from Refs. [18, 19, 21, 49, 50] were used to assign lines to the H 2 16 O species. Practically, for all the levels obtained from assigned transitions, the energy levels are in very 2 18 O lines, the energy levels from several experimental studies were used, namely [26] (for the (0 0 0) and (0 1 0) states), [15, 28] (for the first triad of vibrational interacting states (0 2 0), (1 0 0), and (0 0 1)), [25, 51] (for the second triad of vibrational interacting states (0 3 0), (1 1 0), and (0 1 1)), and [17, 21, 27] (for the (0 4 0), (1 2 0), and (0 2 1) states). We were able to find 9 new energy levels of the (0 0 1) and (1 0 0) states. The term values of these levels with their uncertainties and the number of transitions are given in Table 4 . The observed line positions and term values of the upper levels are in very good agreement with previous studies.
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¼ 4, K a ¼ 0, K c ¼ 4
H 2
17 O The experimental energy levels from [21, 28, 29, 52, 53] were used for the assignment of lines. The identification procedure was obvious for the (1 0 0), (0 0 1), (0 4 0), (1 2 0), and (0 2 1) upper states: the lines of six bands corresponding to these upper states could be assigned by comparing observed lines positions to those calculated from experimental energy levels. The assignment of the 3n 2 , n 1 +n 2 and n 2 +n 3 bands was more complicated because of the less known rotational structure of the (1 1 0) and (0 1 1) states and previously unknown (0 3 0) state. Using global variational predictions (available at http://spectra.iao.ru) generated with the potential function [43] and dipole moment function [44] of Partridge and Schwenke (hereafter referred as PS) and on the results of the n 2 +n 3 band analysis from [23, 29] , 470 lines have been assigned to these three bands. Among them, 28 lines belonging to the 3n 2 band (J max ¼ 9 and K a max ¼ 5) were assigned for the first time, 113 lines belong to the n 1 +n 2 band (J max ¼ 10 and K a max ¼ 6) and 329 lines belong to the n 2 +n 3 band with the maximal values (J max ¼ 15 and K a max ¼ 8). The discrepancies between observed and predicted (PS) line positions are plotted on Fig. 2 Our newly assigned line positions as well as data from Refs. [15, [21] [22] [23] 28, 29] were simultaneously used to obtain a new set of rotational energy levels for all upper and lower vibrational states involved in these transitions. A very good agreement of the line positions and the rotational energy levels with previous studies [21, 23, 28, 51] was observed for the upper (0 0 1), (1 0 0), (0 4 0), (0 2 1), and (1 2 0) states. Transition to the levels indicated by * is not resolved. The energy for such level was fixed to those of the observed coincident partner and the uncertainty values account for the estimated energy splitting.
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For the (0 3 0), (1 1 0), and (0 1 1) interacting vibrational states, a new set of 251 rovibrational energies has been obtained, among which 53 levels were experimentally determined for the first time (Table 5 ). For the set of levels of the (1 1 0) and (0 1 1) states common to previous determinations, our values are generally very close to those reported by Toth [22] , except for 4 levels of the (0 1 1) 3 8 , and 14 1 14 ) and two levels of the (1 1 0) state (6 6 1 and 6 6 0 ) where a difference amounting up to 1.27 cm À1 was observed for 8 8 The new set of experimental energies of the (0 3 0), (1 1 0), and (0 1 1) states was fitted using a rovibrational Hamiltonian for a triad of interacting states [54] . Similarly to recent works on the second triads of others water isotopic species [19, 51] we used the generating function model (G-function) [55, 56] for an effective Hamiltonian that takes into account resonance interactions of both anharmonic and Coriolis type. The results of the fit of the energy levels for all three states are shown in (1 1 0). The largest discrepancies between values previously determined by Toth ([22] , http:// mark4sun.jpl.nasa.gov) and our observations and calculations for 12 levels of the (0 1 1) and (1 1 0) states are given in Table 7 .
HDO
As for the three previous species, available experimental energy levels were used for the assignment of the HDO lines. We were able to assign the transitions of 17 bands corresponding to 12 upper vibrational states. The energy levels deduced from our study are generally in very good agreement with the energy levels of Refs. [21, [30] [31] [32] [33] 57] . Seventy-one new rotational energy levels of the (0 1 1), (0 4 0), (1 1 0), (1 2 0), and (2 0 0) states are listed in Table 8 . Note that, due to the very strong coupling of the rotational energy levels of the (0 4 0) and (1 2 0) states, the vibrational assignment of some levels (for example, K a ¼ 3 and 4 (J ¼ 3, 4, 5, and 7) and K a ¼ 2 (J ¼ 10 and 11) of the (0 4 0) state in Table 7 ) is ambiguous. It is well known that in such cases, a string of quantum numbers should be taken as a ''nominative labeling'' rather than a firm assignment. In this paper we have chosen to follow vibrational labeling of Refs. [31, 32, 58] . Discrepancies between observed and calculated (PS) line positions corresponding to the different upper vibrational states (0 3 0), (1 1 0) and (0 1 1) are shown on Fig. 3 where all the values are lower than 0.12 cm À1 increasing our confidence in the assignments. Finally 128 weak lines, with intensities less than 2.5 Â 10 À26 cm/molecule remain unassigned, that corresponds to $1% only of a total number of recorded water vapor lines. The corresponding line list is given in the readme file of the line lists (http://www.ulb.ac.be/cpm).
ARTICLE IN PRESS
In total, for all the four water isotopic species we have observed and assigned 3280 new lines which are not present in the HITRAN-2004 or GEISA/IASI-2003 data base compilations [35, 59] . ) and N is the number of transitions used for determination of each energy level Transitions to the levels indicated by * were not resolved. The energy for such levels was fixed to those of observed coincident partners and the uncertainty values account for an estimated energy splitting. -2.8 Â 10 À20 cm/molecule were measured in this study, allowing the characterization of the weak absorption lines for the different isotopologues of the natural water vapor, as stated above. For all the observed lines given in the list, the intensities have been measured. In the cases where several assignments correspond to an observed single line, the total intensity of the different components is given.
A general comparison between our new dataset with the most extended experimental data in this spectral range as well as with PS predictions based on an ab initio dipole moment function [45, 46] is shown in Table 9 where the integrated band intensities (SS s ) for the different isotopologues and the number of corresponding lines are given. Despite the great number of lines in the present data set, the numerous newly measured weak lines provide a relatively small contribution to the integrated intensity, which is in very close agreement when compared to HITRAN [35] .
For H 2 16 O, it is seen that the overall absorption in this frequency range is in great part carried by the preponderant (0 1 1)-(0 0 0) band where our number of lines is only slightly higher than those listed in the database. The number of H 2 17 O and H 2
18
O observed lines is less than in the database and our integrated intensity is slightly lower. The opposite is seen for HDO where a significant number of new lines have been observed. This new data can be of big importance for the absorption in transparency micro-windows and also for the validation of theoretical models.
The line intensities of this work have further been compared line-by-line with values from the literature in Table 10 . Considering each original data set, the intensities and spectral ranges as well as the number of lines in common are indicated for each isotopologue. The comparison was based on two quantities: the mean value of the ratio between the intensities of this work and those of the literature data (R) and the regression coefficient (A) of the plots S s (this work) ¼ A Â S s (literature). Table 10 . From these figures and Table 10 , the following conclusions can be drawn.
The comparison with the various data sets for H 2 16 O is made in different intensity ranges from about 10 À28 to 3 Â 10 À20 cm/molecule as reflected in Fig. 4 . In each case, an increasing spread is observed towards the lower intensities resulting from the difficulty to obtain accurate values for the weak lines. This is also reflected by comparison of the plots (b), (a) and (c) in this order where, for a given intensity, the absorption path increases allowing a better accuracy. For weak lines, a fewer number of outliers is observed in comparison ARTICLE IN PRESS Table 7 Experimental and calculated energy levels of the (0 1 1) and (1 1 0 with the data of Macko et al. [21] originating from CRDS spectra for which the detection limit is as low as 10 À29 cm/molecule although their measurements are on average about 25% lower than ours (Fig. 4(c) ). The spread of discrepancies in the intensity range 10 À23 -5 Â 10 -27 cm/molecule with these data is clearly less than that for other available measurements displayed in Figs. 4(a) and (b) . This better consistency could be explained by the fact that both data of [21] and ours correspond to the longest optical path and thus to the highest S/N ratio achieved so far in this intensity interval and should allow a more reliable measurement of very weak lines. The data of [21] are the only available for comparison of measured intensities below 2 Â 10 À27 cm/molecule. Note, however, that these measurements cover a relatively narrow wavenumber range corresponding to the 1.5 mm transparency window, whereas the observations of the present work contain also other weak lines within the absorption band ranges.
Concerning R and A statistical criteria, a good agreement is obtained on average with the other data sets as R and A values are close to unity (Table 10 ). As the intercept of the linear regression slope S s (this Transitions to the levels indicated by * were not resolved. The energy for such levels was fixed to those of observed coincident partners and the uncertainty values account for an estimated energy splitting.
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work) ¼ A Â S s (literature) is fixed to zero, the value of the A regression coefficient is obviously dominated by contributions of strong and medium lines. Thus the values AE1 in Table 10 indicate that intensities of this kind of lines are indeed in a relatively good agreement on average with previous empirical [22, 35] and theoretical [43, 44] compilations. The value of R corresponds to the median of scatters given in Fig. 4 because positive and negative outliers around the median tend statistically to compensate each others. A value R ¼ 1 would mean that there is no systematic shift among two sets of data. In this sense, our intensities agree on average with those of Toth [22] within 2-3% and with those of Mikhailenko et al. [19, 60] within 3-4%. However, the intensities of Toth are systematically lower than ours, whereas those of Mikhailenko et al. [19, 60] , obtained from Giessen spectra are systematically higher. This important remark is to be correlated with the validation of the absolute intensities, particularly in the HITRAN database, confirmed through a comparison with the theoretical PS line lists based on variational calculations using pure ab initio dipole moment surfaces [46] and on the potential energy surface from [45] as cited before (see the next section for more details).
The last column in Table 10 shows the unweighted RMS deviation between the intensities of this work and those of the data sets available in the literature defined in a usual way
where
, N is the number of lines in common. It is seen that the RMS vary from $20% to 40% depending on the source of data. All the lines were included in the RMS calculations and the major contribution to these high values comes essentially (see Figs. 4-7) from weak lines or blended lines. For weaker lines, the scatter between our measured intensities and the literature data can reach a factor of 3 or even higher and there is still room for an improvement of databases and of theoretical models.
Note that our measurements cover the largest intensity range with respect to other available experimental data corresponding to Figs. 4(a)-(d) : the weakest lines are missing in panels (a) and (b) [22, 60] ; strong lines are missing in panels (b) and (c) [21, 60] ; and panel (d) only contains strong lines [61] . The number of previously measured intensities in this wave number range compared to our data (in %) is given in the second column of Table 10 .
For H 2 17 O, the number of lines in common with literature data is relatively low and their intensities are lower than 10
À23 cm/molecule. An excellent agreement is obtained (see Fig. 5 ) with the data of Mikhailenko et al. The calculated values refer to the calculation using the potential energy surface and the pure ab initio dipole moment surfaces of Partridge and Schwenke [46] . [19, 60] (panel b) obtained from Giessen spectra. This data set represents the most complete experimental set available for comparison (nearly 90% of measured lines are in common). The comparison with the data of Toth [22] (panel a) shows a two times larger RMS deviation while the values of Macko et al. [21] remains 11% lower than ours according to the R statistical criteria but the number of lines in common is small in the latter case. The comparison with the calculated data [46] shows that the present values are lower on average by 7%, with discrepancies increasing towards weaker lines. Fig. 6 and Table 10 show that the values of H 2 18 O line intensities of the present work are generally lower than those of the literature except those of Macko et al. [21] for which the comparison, as above, might not be significant due to few common lines. The examination of the values of R and A leads to the conclusion that our values are slightly lower for the weak lines, when compared to the data of Chevillard et al. [25] [26] [27] Despite a poorer accuracy of our HDO line intensities, which is due to both the lower intensity range and the correction that was applied to take into account the residual deuterium concentration in the cell, a good agreement is obtained with the data of Toth [31, 32] on the whole intensity range. The comparison with Mikhailenko et al. [60] shows more scattering while the values of Macko et al. [21] are, as for previously discussed isotopologues, lower than ours ( Fig. 7 and Table 10 ).
Comparison with the theory
The only source available in the literature for all four isotopic species that provides a comparative sampling corresponds to global intensity predictions using variational methods. Comparisons with such calculations (available at http://spectra.iao.ru) generated with the dipole moment function of Schwenke and Partridge (SP) [45, 46] are shown in the last panels of Figs. 4-7 .
Based on the R and A statistical criteria, shown in Table 10 , the agreement is very good, in particular for the principal isotopologue H 2 16 O: only 1% deviation in the linear regression slope coefficient A for strong lines, and 2% deviation in the median line position R for the scatter of discrepancies (Fig. 4(e) ). These criteria values [19] have been put at our disposal before publication [58] . d PS is referred to the calculation using the potential energy surface and the pure ab initio dipole moment surfaces of Schwenke and Partridge [45, 46] . e DS s (%) is the percent difference compared to the present work.
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slightly degrade for the other isotopologues: up to 9% for the A-value of H 2 18 O and up to 11% of the R-value of HDO. The unweighted RMS deviation is 30% for H 2 16 O increasing for other isotopologues up to 43% for H 2 17 O, which should be considered as a generally good agreement taking into account the fact that SP calculations were carried out from pure ab initio dipole moment surfaces and that the comparison covers an extremely large intensity interval from 1.2 Â 10 À29 to 2.9 Â 10 À20 cm/molecule. Also, the uncertainty of the experimental intensity determination increases for weak, blended and overlapping lines and can hardly be evaluated due to the well-known difficulty of measurements in such cases.
However, a closer examination into a given vibrational band shows some significant intensity outliers for weak lines forming in some cases systematic series. An example for K 00 ¼ 0 (a) and K 00 ¼ 1 (b) series of the 3n 2 band of H 2 16 O is given in Fig. 8 . A systematic deviation with the change of sign for outliers occurs in this case between 4600 and 5000 cm À1 (open squares in (a) and (b) panels). Similar deviations are observed for some other series. During the course of this work, we were aware of a new variational calculation of Tashkun et al. [62] (hereafter referred to as TST calculations). These calculations have been performed with extended cut-off for the number of basis wave functions and extended matrix dimensions for Hamiltonian symmetry blocks . They contain all allowed transitions up to 10 À30 cm/molecule. However, about 3% of the total number of lines has been excluded from the intensity comparison when the lines were overlapped in the observed spectra by other molecules or isotopologues.
a N is the number of lines in common with this work and the literature. The intensity and the spectral ranges are again those in common with this work. b % is the N(literature) / N(this work) percent ratio in the full spectral range of this work. c R is the mean value of the ratios S s (this work)/S s (literature) and A is the regression coefficient of the plots S s (this work) ¼ A Â S s (literature) where S s is the line intensity.
d RMS is the unweighted root-mean square deviation between intensities in this work and literature data. e Same remarks as in Table 9 .
and using new dipole moment surfaces simultaneously optimized with respect to ab initio calculations and empirical intensity (which has not yet been included in our data). Fig. 8 (full triangles) shows a better agreement of these new predictions with the measurements of the present study.
Self-broadening parameters
In the line list, 7832 self-broadening coefficients for the four isotopologues have been determined for a total of 10394 lines. As stated before, g self values are given when the Lorentzian contribution is well defined (value 43s uncertainty). So, g self values vary from 0.0415 to 0.847 cm O intensities with the experimental (a-d) and calculated values found in the literature: (a) Toth [22] , (b) Mikhailenko et al. [19, 60] , (c) Macko et al. [21] , (d) Ptashnik et al. [61] , (e) Schwenke and Partridge [46] . The horizontal line is shown as a landmark.
by the measurement of blended features. The mean values are very close to each other (0.341 and 0.342 cm À1 / atm for this work and Toth, respectively). The mean ratio g self (this work)/g self (Toth) ¼ 0.99 also reflects the good agreement between the two data sets and consequently between our values and the HITRAN database constituted by the experimental parameters of Ref. [63] and the smoothed data of Toth [34] . Fig. 9 illustrates this comparison for the common lines in the 011-00, 030-000 and 110-000 bands with DK a ¼ 0, 71 drawn vs. K m and J m as in [64] . Another set of values focusing on stronger lines in the restricted region 5000-5600 cm À1 [61] is also compared in the same figure. Their values are on average slightly lower than ours (mean ratio ¼ 1.04).
For the other isotopologues, the g self values are much more difficult to obtain due to the weakness of the lines (see Table 10 ) because of the low partial pressures in the natural water vapor. The comparison with the HITRAN compilation is, therefore, less efficient. Nevertheless, 382 values for H 2 17 O, 797 for H 2 18 O and 2291 for HDO have been determined and mean ratios g self (This work)/g self (Toth) very close to unity were obtained (0.97, 1.02 and 1.02 for H 2 17 O, H 2 18 O and HDO, respectively). No significant differences between the isotopologues were observed, which tends to confirm the lack of isotopic dependence as suggested by the theoretical work of Gamache and Fischer [65] .
Air-broadening and air-induced shift parameters
Out of the 4915 values of g air determined for the four isotopologues, 2950 belong to the main isotopologue H 2 16 O. The number of values is slightly lower than for the self-broadening parameters due to the tendency of the weak lines to disappear at high total pressures. They cover a large range from 0.003 to 0.198 cm À1 /atm and give a mean value of 0.066 cm À1 /atm, which is in very good agreement with the mean value of 0.065 cm À1 /atm reported by Toth [34] . The comparison of the 2623 values in common with the same author leads to a mean ratio [g air (this work)/g air (Toth) ] equal to 0.99. The comparison of our values with the corresponding HITRAN values is illustrated in Fig. 10 . [19, 60] and (c) Schwenke and Partridge [46] . The horizontal line is shown as a landmark.
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The latter corresponds to semi-empirical values recently obtained by Jacquemart et al. [66] . This calculation, describing the vibrational dependence of the air-broadened half-widths and air-induced pressure shifts, is based on fits of theoretical data from the expansion of the complex Robert-Bonamy (CRB) equations and selected experimental data from the microwave region to the visible (see references in [66] ). In particular, the data reported by Toth [34] after his smoothing procedure are implicitly included in the HITRAN database. The slope of the plot A and the mean ratio R are very close or equal to unity (A ¼ 1.02 and R ¼ 1.00), demonstrating a very good agreement between both data sets. Moreover, the comparisons with the data of Toth [34] and with the data of HITRAN [35] give quite the same conclusions. We can, therefore, stay confident with the proposed values, which can be described, as noted in Ref. [66] , by semi-empirical functions dependent on vibrational quantum numbers [66] as well as rotational quantum numbers [34] .
The air-broadening parameters g air have also been determined for the H The air-induced shift parameters d air of the water vapor spectral lines are quantities as essential as the airbroadening parameters in databases for atmospheric remote-sensing experiments. It is now recognized that they are much more difficult to obtain and values reported by different laboratories significantly disagree. It must be noted that the HITRAN data set is that of the semi empirical approach of Ref. [66] implicitly including the line shifts reported by Toth [34] after his smoothing procedure as for g air parameters. If small differences between the HITRAN data set [35] and the Toth's subset [34] remain as shown in Fig. 11(b) , the agreement between both data sets is fairly good in view of the difficulty to obtain the parameters. Similar agreements are observed for H 2 17 O and H 2 18 O isotopologues whereas no comparison can be made with HITRAN for HDO because of the lack of values.
The above comparisons show that discrepancies remain between different experimental measurements of the broadening and shift parameters and further work is in progress to properly analyze them in detail for the different isotopologues.
Water vapor data base
The present measurements of line parameters extend the Brussels-Reims (BR) water vapor database, which previously covered the spectral region 26000-9250 cm À1 with a large dynamic range of line intensities. This study was performed with natural water vapor, i.e. with all the isotopologues present in natural abundances. Even if some studies have been made with isotopically enriched water, the number of lines included in the HITRAN database is not more extensive than in the BR database. As a result of the present contribution, 3280 lines of the four H 2 16 O, H 2 17 O, H 2 18 O and HDO isotopologues with low intensity are observed for the first time (see Fig. 12 ). The insertion of such lines in HITRAN would be useful for atmospheric and astrophysical applications. It is especially required in the ''atmospheric windows'' in the spectral regions 4200-5000 and 5800-6600 cm À1 where the water lines can interfere with weak features of trace gases to be detected. Although the respective contributions of these new lines is less than 0.3% and 1.5% of the total intensity in these two spectral regions, they contribute significantly to the atmospheric attenuation in some specific regions (9.2% of the total intensity in the 6120-6260 cm À1 spectral range as shown in Fig. 12 À25 cm/molecule do not appear in our pure water absorption spectra. They probably result from calculations and differ noticeably in position and/or in intensity from the observed ones. Further improvements should be gained to assert their validity.
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Conclusion
In the 4200-6600 cm À1 spectral region, a new set of water vapor line parameters has been reported, extending our previous studies on the absorption spectrum in the near infrared and visible regions. Accurate measurements were performed on a wide range of line intensities (10 À29 -10 À19 cm/molecule) by means of highresolution Fourier transform spectrometers coupled to three different cells allowing absorption paths from 0.3 to 1800 m. Special attention was put on the detection of very weak lines with the longest absorption paths. Spectra under various conditions of path-length, pressure and in presence of air have been recorded to determine the positions, the intensities, the self-and air-broadening coefficients and the pressure-induced shifts of about 10,400 lines belonging to the four isotopologues Intensities have been measured for all observed lines, more than 30% of them being determined experimentally for the first time. For common sets of measurements, our intensity data agrees well on average with previous experimental works [21, 22, [25] [26] [27] 60, 61] particularly for strong and medium lines. A detailed comparison with literature results has been done including the examination of the averaged A and R statistical criteria: the linear regression coefficient (A) and the median of intensity ratios distribution (R) that provide information on absolute intensity calibrations among various data sources. According to these criteria our intensities lie on average between Toth values [22] (+2% to +3%) and those of Mikhailenko et al. [60] (À3 to À4%), which were previously the most extended experimental investigations in this range. An excellent agreement has been observed with ab initio intensity predictions of SP [46] (+1 to +2%) again according to R and A criteria.
However, for weaker lines the scatter of discrepancies between our measured intensities and the previously available data (both experimental and theoretical) generally increases, resulting in overall standard deviations of $20-40% depending on the isotopologue. There is still place for an improvement of databases and of theoretical models. Some progress in this direction has been recently achieved via an optimization of dipole moment function [62] using simultaneously ab initio and experimental data.
The self-and air-broadening coefficients, as well as the air-induced shifts, obtained for a large number of lines, were shown to be in good agreement with semi-empirical values listed in the HITRAN database. This confirms, in this wavenumber range, an absolute calibration for these line parameters present in HITRAN and GEISA/IASI databases that have been compiled by merging independent measurements and calculated values. But they could be completed with new data obtained in this work. Also our experimental spectra do not confirm some water lines included in the existing databases.
The present work should improve atmospheric studies investigating this important spectral region, as the newly observed weak lines could be of the utmost importance for remote sensing measurements. This research forms part of an effort by a task group of the IUPAC (Project no. 2004-035-1-100) to compile, determine and validate, both experimentally and theoretically, accurate frequencies, energy levels, line intensities, line widths and pressure effect spectral parameters of all major isotopologues of water.
Appendix A
For the observed ground state energy levels from [45] used to calculate the new upper state levels, see Table A .1. 
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